h i t t i n g h a m , M a r g a r e t B e r m in g h a m and R. G. H i l l e r Botany Department, Queen Mary College, London (Z. Naturforschg. 18 b , 701-706 [1963] ; eingegangen am 8. Juni 1963) Dedicated to Professor O . W a r b u r g on the occasion of his eightieth birthday Uniformly labelled radioactive glucose was fed to Chlorella cells in the presence of non-radio active carbon dioxide. The concentration of carbon dioxide was varied and the distribution of radio activity determined in the light. At low concentrations of carbon dioxide much of the radioactivity appeared in glycollate or derivatives thereform. By contrast, at higher concentrations of carbon dioxide, most of the radioactivity appeared in sucrose. If the concentration of oxygen was increased above that normally present in air, there was relatively more activity in glycollate. The effect of the addition of isoniazid in these conditions was also investigated. It was concluded that glucose fed to Chlorella exogenously is metabolised in the light in Chlorella via sugar phosphate inter mediates of the Calvin cycle.
T h e p h o t o m e t a b o 1 i s m o f glucose in chlorella introduction
T he in creased form ation of tw o-carbon com pounds d u rin g photosynthesis at low C 0 2 concentra tions in algae has been reported by several w or k e r s 1 -5 . A t low C 0 2 concentrations the m ain ethanol-soluble products of photosynthesis form ed in itially are sucrose and glycollic acid. As the C 0 2 co n cen tration is increased the production of gly collic acid an d glycine decreases and sucrose b e com es the m a jo r product. O ther com pounds, e. g. alanine, serine, m alic and aspartic acids are not m arkedly affected by changing the C 0 2 concentra tion w ithin the ran g e studied by us. T he production of glycollate and glyceric acid durin g photosynthesis in leaves of h igher plants has been o b se rv e d 1,6' '.
W a r b u r g and K r i p p a h l dem onstrated in Chlo rella an equivalence of 1 mole of glycollate excreted for every 2 m oles of C 0 2 taken up 4. The gas phase was carb o n dioxide in nearly 100% oxygen. The m axim um m o lar ratio between glycollate p ro d u c tion and C 0 2 uptake which we have found is about 1 : 20 w ith the gas phase containing approxim ately 20% oxygen. T his ratio is in fairly close agreem ent w ith the findings of T o l b e r t and Z i l l 3. O ther w or kers have shown a m arked effect of oxygen partial pressure on glycollate pro ductio n in Chlorella 8. W e have fo un d using 14C 0 2 that at low C 0 2 concentra tion in 2% 0 2 there is an inco rporation of 14C into glycine approxim ately equal to that into glycollate 9.
W hereas the absolute rate of glycollate pro du c tion observed by us is different from that observed by W a r b u r g and K r ip p a h l 4, the relationship between glycollate p ro du ctio n and C 0 2 concentra tion is sim ila r show ing a m ax im u m at about 0.1% C 0 2 in the gas phase. T heir rate of production, however, falls off m ore slowly above 0.1% C 0 2 than in our experiments. M i l l e r , M e yer and T anner have reported essentially sim ila r observations 8. O u r observations that glycollate pro ductio n falls as the rate of photosynthesis tends to C 0 2 saturation sug gests that glycollic acid accumulates only when the rate of photosynthesis is C 0 2 lim ited.
T o lb e r t proposed that the precursor of glycollic acid is the C 0 2 acceptor, ribulose diphosphate 10. At lim itin g C 0 2 concentration, an excess of the ac ceptor w ould be expected an d this m ig ht split to yield a two-carbon m oiety and a triose phosphate molecule. The two-carbon fragm ent could then be oxidized to phosphoglycollic acid and converted to glycollate. A phosphoglycollic acid phosphatase has been described u . As the C 0 2 concentratio n is increased, the excess of R uD P * will decrease and consequently glycollate p ro d u ctio n fall. The lab el ling of the tw o-carbon atom s in glycollate is a p proxim ately equal suggesting they are derived from carbon atom s 1 and 2 of the pentose phosphate interm ediates of the photosynthetic cycle as co n firm ed by G r i f f i t h and B yerrum 12. D irect evidence that glycollate could arise from the interm ediates of the photosynthetic cycle was obtained by P r it c h a r d and W h ittin g h a m 9. E x p eri m ents in which a radioactive stream of C 0 2 was re placed w ith non-radioactive C 0 2 indicated three distinct groups of interm ediates. F irst, those com pounds which show ed a m arked decrease in ra d io activity such as phosphoglyceric acid and the sugar m onophosphates and diphosphates. These com pounds are know n to be in term ediates of the p h o to synthetic cycle. Secondly, the am ino acids serine, alanine and glycine which show ed a sm all increase for 2 to 3 m in. follow ed by a subsequent decrease; aspartic acid show ed a sim ilar change bu t m ore slowly. These com pounds are presum ably derived from the interm ediates of the photosynthetic cycle but are themselves m etabolized fu rth e r. T he th ird group of com pounds consisting of glycollate and sucrose show ed an increase in activity fo r m any m inutes follow ing the tran sfe r to non-radioactive C 0 2 . These results suggest th a t glycollate (which is in p a rt excreted from the cell) m ay be form ed from the photosynthetic cycle as a final product.
In the present pap er the conditions have been defined in which glycollate is form ed from ra d io active glucose fed exogenously to Chlorella cells. If the m echanism of glycollate form atio n is in the way ju st described then the fo rm atio n of glycol late from glucose should be less at h ig h er co n cen tra tions of carbon dioxide.
Experimental methods

3
to 4 day old cultures of Chlorella pyrenoidosa (Emerson strain) grown on 4 per cent carbon dioxide in air at constant light intensity and temperature (22 C) were used. The cells were harvested by centri fugation, washed once in distilled water and re suspended in potassium dihydrogen phosphate solution packed wet volume of cells per 100 ml. of solution was used. The apparatus and experimental procedure were the same as described previously. The suspension was illuminated at high light intensity (c. 10,000 lux) for 30 minutes with a stream of carbon dioxide of the re quired concentration bubbling through the suspension. At this time 3 //c of radioactive glucose was added per 20 ml sample and the gas stream and illumination con tinued; samples were taken at measured times after the addition of glucose. The samples were killed in boiling 80% ethanol and the cell residues further ex tracted with 20% ethanol. The two extracts were com bined and subsequent treatment and chromatography followed the procedure of B e n s o n et al. 1. Radioactivity was counted directly on paper chromatograms (after the spots had been located by autoradiography) using a thin end window Geiger-Muller counter. When isonicotinyl hydrazide (INH) was used it was at a con centration of 10~2 M and added to the cell suspension 30 minutes prior to the addition of glucose. The con centration of carbon dioxide in the gas phase bubbling through the suspension was continuously monitored with an infra red gas analyser.
Results
T h e effect of C 0 2 partial pressure on the metabolism of glucose
The percentage of radioactivity d istrib u ted in various com pounds was determ ined as a fu nction of tim e after the addition of a constant am ount of u n i form ly labelled radioactive glucose. T he d ata are sum m arised in T able 1 and Fig. 1 . The results show : 1) a progressive decrease in rad io activ ity of 2 C com pounds and their derivatives as the concen tratio n of carbon dioxide rises. In these ex p e ri m ents we reg ard aspartate, m alate and alanine as largely derived from these 2 C com pounds (at least at the lower concentrations of carb o n dioxide) since as will be shown later th eir fo r m ation is suppressed by the addition of IN H .
2) there is a progressive increase in the percentage of radioactivity inco rp o rated into sucrose as the co ncentration of carbon dioxide rises.
Both of these points agree w ith o u r previous observations. 12 T. G r i f f i t h u. R. U. B y e r r u m , Plant Physiol. 3) th ere is a progressively slower utilisation of glu cose at the h igher concentration of carbon d i oxide.
4) there is a faster m ovem ent of radioactivity th ro u g h the cycle interm ed iates (the su g ar d i phosphates and a larg e p a rt of the su g ar m ono phosphates) suggesting th at the photosynthetic cycle ro tates at a h ig h er speed at h ig h er concen tratio n s of carb o n dioxide. 5) as the cycle interm ediates lose their activity w ith tim e, this activity ap p ears in two sets of com pounds. A t low con cen tratio n s of carbon dioxide the decrease is largely accounted for by the increase in 2 C com pounds and their derivatives. A t h ig h er concen tratio n s of carbon dioxide the fo rm atio n of 2 C com pounds is con sid erab ly decreased and som e of the activity lost from the cycle appears in sucrose. These data stro n g ly in d icate th at m ost of the sucrose form ed fro m the glucose has com e via the photosynthetic cycle interm ediates. We postulate this because the fo rm atio n of sucrose from glucose is m arkedly dependent on carb o n dioxide pressure. T his resu lt w ould n o t have been expected if there was a d irect conversion of glucose to sucrose. The am ount of glucose en terin g the photosynthetic cycle is sm aller w hen the cycle is filled m ore and m ore by carb o n dioxide b ut the rate of processing of such glucose as does en ter is faster at the h ig h er carbon dioxide co ncentrations.
T h e effect of oxygen partial pressure
In m ost of o u r previous w ork the carb o n dioxide co n cen tratio n has been varied in an air stream . W a r b u r g and K r ip p a h l 4, Bassham et a l . 13 Table 2 . Effect of partial pressure of oxygen on the photoassimilation of glucose.
le r , M eyer and T ann er 8 have show n th at the p ro duction of glycollate by Chlorella is g reater when photosynthesis takes place in the presence of h igher partial pressures of oxygen than norm ally present in air. We have confirm ed this in unpublished w ork and are in agreem ent w ith M i l l e r et al. th at the effect of decreasing the p artial pressu re of oxy gen in a ir is relatively sm all w hereas increasin g the partial pressure to values approaching 100 p er cent greatly increases glycollate production. F o r this reason we have investigated the effect of increasin g oxygen p artial pressure on the d istrib u tio n of ra d io activity from glucose fed to Chlorella in the light. T able 2 com pares the effect of glucose fed to Chlorella in the presence of 0.034% C 0 2 w ith either 20% or 99.97% oxygen. The data show that the p r i m ary effect of increasing the oxygen p a rtia l pressu re results in a large increase in the radio activ ity of glycollate w ith a corresp o n d in g decrease in the radioactivity of sucrose. In other experim ents raising the p artial pressure of oxygen in both C 0 2 free gas and in 0.03% C 0 2 decreased the percentage of ethanol insoluble p roducts (and this rem ained true even in the presence of I N H ) . These data are consistent w ith the view th at increasing the oxygen p artial pressure results in an interm ediate which norm ally gives rise to sucrose now giving rise to glycollate. H igher p artial pressures of oxygen m ay also in h ib it the direct form atio n of insoluble com pounds from the sugar m onophosphates. Table 3 . Effect of isonicotinyl hydrazide on the photoassimilation of glucose.
T h e effect of isoniazid
Discussion
The rate of utilisation of glucose corresponds to a consum ption of 1 0 -6 M per /A cell per h our. T his is approaching m olar equivalence w ith the m ax i m um rate of consum ption of carbon dioxide in photosynthesis. In fact with the lowest co n cen tra tions of carbon dioxide used in the w ork described in this paper the rate of photosynthesis is less than one-fifth m axim al so that the rate of glucose utilised is considerably greater than the rate of in c o rp o ra tion of carbon dioxide photosynthetically. It follow s th at the radioactivity incorporated into new com pounds can not result from decarboxylation of the radioactive glucose and subsequent photosynthetic fixation of the carbon dioxide. T his is in any case im probable since the suspension is continually b u b bled th roughout the experim ent w ith non-radioactive carb o n dioxide; furtherm ore there is no appreciable loss of radioactivity with time.
The m arked dependence of sucrose form ation on the p artial pressure of carbon dioxide suggests that m ost of the glucose m etabolised in the light m ust enter the photosynthetic cycle. T he alternative view th at the presence of carbon dioxide alters the balance of A T P /A D P or T PN H /T PN ® and that these then indirectly affect the form ation of sucrose seems unlikely; since increasing the photosynthetic consum ption of carbon dioxide m ight be expected to decrease b oth of these ratios and hence decrease ra th e r than increase the synthesis of sucrose. M ore over it has been show n th at glucose is utilised m ore rap id ly at low er concentrations of carb o n dioxide; this is consistent w ith the view th at u n d er these con ditions there is a h ig h e r A T P /A D P ratio and a con sequent increase in rate of uptake an d /o r m eta bolism of glucose.
In the com plete absence of carb o n dioxide the cycle interm ediates form ed from the glucose are largely converted via glycollate to insoluble com pounds, since w hen IN H is added these are re duced in am ount and m ust in p a rt at least be derived th ro u g h glycine and serine. U nder these conditions th ere is only a small pro d u ctio n of su crose which is increased by the ad d itio n of IN H . H ow ever, since the increase in absolute term s is sm all it is n o t possible to say from whence the a d d itio n al sucrose has been derived. It m ay be that the sm all p ro d u ctio n of sucrose in the absence of ex ternal carb o n dioxide represents a direct conver sion from glucose. In the presence of 0.03% carbon d ioxide the g rea ter p a rt of the sugar m onophospha tes initially form ed from glucose give rise to sucrose. A bout one-third of the interm ediate form ed may give rise to glycollate and its derivatives. T here is relative ly little fo rm atio n of insoluble com pounds. A ddition of IN H u n d er these conditions inhibits not only serine fo rm atio n b u t also partially sucrose fo rm a tion w ith a corresponding increase in radioactiv ity of glycine and glycollate. T his suggests th a t some sucrose m ay be form ed from glycollate and it is this fraction which is suppressed in the presence of IN H . At the highest concentrations of carbon dioxide little glycollate is form ed. H ere sucrose is presum ed to be form ed largely from the photosynthetic cycle in term ediates; addition of IN H results in only a sm all change in the form ation of sucrose. W ith 99.97% 0 2 the form ation of glycollate accounts for m ost of the radioactivity incorp o rated even at 0.03% C 0 2 and the rate of sucrose form atio n is con siderably less than in 20% oxygen. W ith hig h er p a r tial pressures of oxygen than in air two carb o n fra g m ents m ust be m ore rapidly rem oved from the photosynthetic cycle as glycollate. We conclude th at the m a jo r path of sucrose form ation from glucose in the light in Chlorella is from the m etabolism of the sugar m onophosphates of the photosynthetic cycle. T here is little direct conversion to sucrose; under conditions of low carbon dioxide p a rtia l p res sure and higher oxygen p artial pressure m ost of the products of glucose m etabolism are rem oved from the cycle as glycollate. T hese can give rise indep en dently in sm all p art to sucrose but a g rea ter fraction is converted to insoluble products. Both of these processes are inhibited by IN H and presum ably therefore take place through the conversion of gly collate to glycine and thence to serine.
The observed dependence of glycollate form ed photosynthetically from radioactive carb o n dioxide on the p a rtia l p ressure of carbon dioxide is p re sum able the result of two effects. F irstly as the ca r bon dioxide p ressu re is raised the fraction of cycle interm ediates resu ltin g in glycollate is decreased. Secondly as the carb o n dioxide pressure is raised the total carb o n in co rp o rated is increased. T he com b in atio n of these two effects results in an apparent optim um which is moved tow ards higher partial pressures of carb o n dioxide the higher the concen tratio n of oxygen.
F u rth e r investigation have been undertaken using specifically labelled D glucose (14C1, 14C2 and 14C6). P re lim in ary results (which are to be rep o rted else w here) indicate th at carb o n atom s 1 and 6 of glu cose are rap id ly eq u ilib rated in Chlorella. N ever theless C1 and C2 of glucose largely contribute to C2 and C 1 of glycollate respectively.
O ur results do not req u ire the postulation of a separate carboxylation reaction for the photosynthe tic fo rm atio n of glycollate from carbon dioxide o th er than th a t catalysed by carboxydism utase. Spe culations of this type m ay be provocative lo b u t are n ot req u ired to in terp ret our data.
